Osmotic gradient ektacytometry (measuring elongation index in the function of osmolality at a constant shear stress) is a sensitive method to analyze red blood cell (RBC) deformability and investigating the optimal osmolality range for the cells in normal or pathophysiological cellular and micro-environmental conditions. However, the methodological conditions are different, since the results are infl uenced by the applied shear stress (SS). In this study we investigated rat, dog, pig and human blood samples at SS of 1, 2, 3, 5, 10, 20 and 30 Pa. To describe the range being related to the cell deformability, we introduced new calculated parameters obtained from the raw data of the elongation index (EI)-osmolality (O) curves. Our results showed that: (1) Osmoscan data tested at 20 or 30 Pa do not differ signifi cantly from each other; (2) Under SS of 20 Pa the EImax, the O (EImax), the EI min and the area under curve nearly linearly decrease in the function of SS with different slope in rat, dog, pig and human blood; (3) Measurements under 3 Pa SS become unstable; (4) The differences between minimal and maximal EI and the belonging osmolality values, and their ratios, as new calculated parameters ( Δ EI, Δ O, Δ EI/ Δ O, EImax/EImin and O (EImax)/Omin) can be suitable for further analysis of the osmoscan curves together with other hemorheological parameters describing RBC deformability; and (5) Decreased erythrocyte deformability (by rigidifying with glutaraldehyde) can be refl ected well with the following, calculated osmoscan parameters: Δ O, rO, rEI/rO and Δ EI/ Δ O.
Introduction
Red blood cell deformability is an essential passive cellular ability mostly in passing through the microcapillaries, but in the large vessels it also has importance (e.g. decreasing blood viscosity at higher shear rates). Numerous pathophysiological processes may cause impairment in the deformability of erythrocytes, since its determinants include cell surface/volume ratio, cell membrane viscosity, intracellular viscosity (hemoglobin [Hgb] content) and morphological factors [1, 2] . Deformability can be investigated well by ektacytometry, among other methods, that determines the magnitude of cell elongation against applied shear stress at known levels [3, 4] .
Red blood cell deformability is also infl uenced by the micro-environmental pH and osmolality level [5 -10] . Latter manifests deformability changes mostly by cell volume alterations, when cells are shrinking or swelling depending on the magnitude and direction of the osmolality changes compared to the optimal value. The so-called osmotic gradient ektacytometry has been developed and introduced in the early 1980s, which method determines the red blood cell deformability (elongation) at constant shear stress but at gradually changing osmolality [3, 11] , producing characteristic curves ( Figure 1 ). The maximum point of the osmoscan curve represents the osmolality, at which value the cells have the highest possible elongation index (at given shear stress), the best possible deformability. In their paper, Clark and co-workers presented several results of various hematological disorders, as well as in vitro examinations showing various morphologies of those osmoscan curves [11] .
For these tests precision ektacytometer is required that has been developed and improved a lot in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 N. Nemeth et al. 1990s , and couple of years ago the osmoscan function has also been integrated into the latest rotational ektacytometers [4] .
Osmotic gradient ektacytometry is a very sensitive method. In hematological diseases, in which the red blood cell morphology, the structure and the cell surface/volume ratio are altered, this method can be informative [11 -18] . Among others, Deuel and co-workers analyzed osmotic gradient ektacytometry results in hyperchromatous red blood cell subpopulation [19] . Ballas and Smith reported characteristic osmoscan data in sickle cell anemia [20] . Also in stomacytotosis [21 -23] , but above all, the most characteristic changes could be found in hereditary elliptocytosis and spherocytosis, in which the osmotic gradient ektacytometry has a diagnostic value [14,24 -27] .
However, the methodological conditions are different, since the results are infl uenced by the applied shear stress. Most of the data had been obtained from measurements using shear stress of 20 or 30 Pa, but without any justifi cation. Are those data comparable? It is not known whether osmoscan results at 1, 2, 3, 5, 10, 20 or 30 Pa shear stresses differ and of which magnitude. How comparable are the obtained results of higher shear stress to the in vivo relations, where shear stress over 10 Pa is a rarity? Information about this kind of optimalization or comparative analysis hardly could be found in the literature [28, 29] .
How can osmoscan curves ' morphological changes be translated and interpreted? Which parameters of the curves are informative in defi nitive conditions? What kind of further parameters can be calculated from the raw data that may refl ect well the deterioration of red blood cell deformability or interspecies differences?
We planned our study according to these questions, in which not only a methodological comparison was the goal, but presentation of new index parameters for interpretation of osmoscan results in human blood samples and of laboratory/experimental animal species.
Materials and methods

Comparative analysis of osmoscan measurements at various shear stress conditions
The study was performed with permission (permission No: 19/2001 DE MAB) , in accordance with the national and EU regulations (Act XXVIII of 1998, Edict 63/2010). After overnight fasting, in the morning hours blood samples were collected from nine CD outbred rats (male, bodyweight: 371.9 Ϯ 28.3 g) by puncturing the lateral tail vein, from six beagle dogs (male and female, bodyweight: 11.2 Ϯ 1 kg) by puncturing the cephalic vein, and via puncturing the medial saphenous vein of 15 juvenile Hungahib pigs (female, bodyweight: 18.2 Ϯ 2.7 kg), using closed blood sampling system with 22 G needles (Vacutainer ® , Becton Dickinson Diagnostic-Preanalytical Systems, UK; anticoagulant: K 3 -EDTA, 1.5 mg/ mL), except for rats. In rats samplings were completed using 25 G needles and syringes containing the anticoagulant.
We also examined blood samples of 15 volunteer healthy adult men and women (aged 26 -40 years) with Clinical Ethical Committee approval (permission No: DE OEC RKEB/IKEB 3625-2012). The blood samples were collected (in the morning hours, after overnight fasting) by puncturing an antecubital vein. The anticoagulant was the same (K 3 -EDTA, 1.5 mg/mL).
Osmoscan investigation of rigidifi ed red blood cells
As a sub-trial of the study, samples of fi ve volunteers (from the study group above) were centrifuged (800 g , 10 min, 15 ° C), the cells were washed in isotonic phosphate buffered saline (PBS) and red blood cell-PBS suspensions at 40% hematocrit (v/v) were prepared and treated with 0.001% or 0.005% glutaraldehyde (GA). The aim was to determine the deformability deterioration of GA-rigidifi ed red blood cells by the GA treatment [30 -32] , and analyze whether the deformability impairment is manifested in osmoscan results, searching for the most sensitive parameters (classical or newly calculated ones) describing the differences.
Laboratory techniques
The general quantitative and qualitative hematological parameters were determined by a Sysmex F-800 microcell counter (TOA Medical Electronics Co. Ltd, Japan). Red blood cell deformability was tested by a LoRRca MaxSis Osmoscan device (Mechatronics BV, The Netherlands). Blood sample of 5 µ L was [33] .
For the osmoscan test 250 µ L of blood was gently mixed in 5 mL PVP solution. During the measurement the device generates a constant shear stress at a given value (can be set before the test), while the osmolality is continuously and gradually rising from 0 -500 mOsmol/kg (data can be recorded over this, depending on the high-osmolality PVP solution) and the sample is also continuously aspirated into the measuring chamber. So, at a constant shear stress EI values are measured along the osmolality (Figure 1 ). The parameters given by the device are the followings: Minimal elongation index values measured at low-osmotic environment (EI min), maximal elongation index values at the given shear stress (EI max; please note that it is not the EI max calculated by the Lineweaver-Burk equation above), half of the maximal elongation index values at high-osmotic environment (EI hyper), osmolality at minimal EI (Omin), osmolality at maximal EI (O [EImax] ), osmolality at EI hyper (O hyper) and the area under the individual elongation indexosmolality curves (Area).
When osmoscan test was performed at low shear stress values, due to the unstable shape of the elongation index curve at constant shear stress along elevating osmolality the software could not mark correctly the EI min and O min point values. Therefore in these cases each osmoscan test was individually evaluated and analyzed for setting the correct parameter points using the raw data recorded by the software.
Newly calculated osmoscan parameters
Using the standard parameters of the elongation index-osmolality raw data (see above), the following new parameters were calculated: 
Statistical analysis
Data are presented as means Ϯ standard deviation (SD). Differences within the groups (e.g. osmoscan values tested at 1, 2, 3, 5, 10, 20 and 30 Pa of the same species ' samples) were evaluated by one-way ANOVA (Bonferroni ' s or Dunn ' s method), while the inter-group analysis (between species) was carried out using Student ' s t -test or Mann-Whitney rank sum test, depending on the normality of data distribution. Values of native blood samples compared to 40% Hct RBC-PBS suspension and GA treated samples were compared using paired t -test or Wilcoxon test, according to the data distribution.
For the comparison of the sensitivity of the measured parameters to detect the existing differences, the standardized difference value was calculated [32, 34] . It is the difference of the mean values of groups (e.g. native vs. treated samples) divided by the square root of the sum of their standard deviations ' squares:
x ; SD 2 y ). Table I shows red blood cells ' quantitative and qualitative parameters of the examined animal species and the human. The EI-osmolality curves were proved to be the most regular and stable at 20 and 30 Pa in the examined animals species and the human. Figure 2 shows series of representative osmoscan curves of rat, canine, porcine and human blood samples. At 10 Pa the maximum (the highest) point of the curve started to gently shift to left and downwards and in the hyperosmotic region often undulation occurred. At lower shear stress the phenomenon was more prominent and gradual in its magnitude: Shifting to left and down, and with irregular and fl attening hyperosmotic plot part. The tendency seemed to be consequent until about 2 -3 Pa. At 1 Pa the curves were extremely irregular -practically not evaluable -in most of the samples. But not that in case of rat blood, where the osmoscan curves seemed to be the most stable in their morphology even at low shear stresses, including 1 Pa, too. These alterations were well detectable by analyzing the numerical data of the individual osmoscan curves (Table II) . Only the raw data at 1 and 2 Pa shear stresses had to be re-analyzed skipping the irregular 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118 4 N. Nemeth et al. and unstable data segments. In all other cases data were used as the device calculated. The maximal elongation index (EI max) values determined at 20 and 30 Pa shear stresses showed the lowest values in the canine and porcine blood samples, while higher values were obtained in rat blood. The highest values were found in human blood. These interspecies differences seemed to be equalized by decreasing the shear stress applied for the measurements. The parameters of hyperosmotic phase directly determined by the maximal EI values, since its half 60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118 Comparative osmoscan study 5 gives the EI hyper and so the osmolality value belonging to this point (O hyper). The data obviously showed the previously described relations. In the porcine blood it was again shifted to right, toward higher osmolality values. The minimal EI and the belonging osmolality represent the point, below which most of the cells rupture if the osmolality decreased further. When the osmoscan curve morphology was regular in a sample, this point was obvious, but under shear stress of 3 -5 Pa this part of the curve became irregular, and so the EI min and O min value calculation was considered unstable.
Results
Comparative analysis of osmoscan measurements at various shear stress conditions
By decreasing the applied shear stress for the measurements, the area under the EI-osmolality curves (Area) continuously shrank. At 10 Pa and below it the values were signifi cantly lower compared to the 30 Pa data in all the species. The existing inter-species differences were well-traceable until 2 Pa: the highest Area values were found in human and rat blood, lower in the canine and the lowest ones in porcine blood. Figure 3 and 4 show the alterations of our new calculated parameters. The Δ EI values -as the difference of EI max and EI min -were nearly similar in rat, canine and human blood tested at 20 or 30 [AQ5] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118 Comparative osmoscan study 7
( Figure 4A ), the rEI values had the highest values between 2 and 5 Pa, drawing a ' peak ' ( Figure 3D ). The rEI/rO decreased until 3 Pa, and increased again at 1 Pa, probably caused by the irregularity of the curve ( Figure 4B ).
Osmoscan investigation of rigidifi ed red blood cells
Compared to the native blood samples, red blood cells ' parameters did not change considerably during the preparation of 40% RBC-PBS suspension (Table III) . However, it was interesting to see that elongation index values at shear stresses higher than 5 Pa were signifi cantly lower versus the native blood. Although neither the quantitative nor the qualitative hematological parameters changed by the 0.001% or 0.005% GA treatments, as it was expected, the deformability values gradually decreased, showing signifi cant difference compared to native samples and the untreated RBC-PBS suspension ( Figure 5A , Table III ). By osmoscan tests it was obviously Pa, while porcine data were lower, because the EI max was defi nitely lower and EI min was higher in pigs. By decreasing the shear stress the inter-species difference became more prominent, and the human values also decreased ( Figure 3A ). The decreasing tendency was more obvious in case of the Δ O, refl ecting the difference of O (EI max) and O min values. The highest values were of the porcine blood, always resulted by the width of the original osmoscan curves ( Figure 3B ). The ratio of these two parameters ( Δ EI/ Δ O) was therefore the lowest in the porcine blood. Interestingly, the rat and human values were very similar to each other, and the other inter-species differences became magnifi ed by decreasing the shear stress values ( Figure 3C ). The ratio of maximal and minimal EI values (EI max / EI min, or rEI) and ratio of osmolality values at maximal and minimal EI (O (EImax) / O min, or rO) and their relation (rEI/rO) showed the largest differences below 5 Pa. While rO values rather decreased gradually by decreasing shear stress 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 8 N. Nemeth et al. or shrinking) directly affect the deformability [1, 2, 11] . Osmotic gradient ektacytometry can provide information about the deformability changing in a wide range of osmolality [11] . However, the measuremental conditions, such as the applied shear stress, the range of osmolality changes, the used buffers, etc., all might affect the results and needs to be standardized. Furthermore, in biomedical research we have to face the inter-species (cross-species) differences of hemorheological parameters [29, 36] , even leading to modifi cations in the methodological standards depending on the species of the experimental/laboratory animal. For this issue, comparative studies are necessary in order to collect data at various measuremental conditions. Since red blood cell deformability shows colorful variety among species [36] , the osmoscan curve part that refl ects the zone of cell-swelling in hyposmolar environment (between EI max and EI min and the belonging osmolality) and also being related to the membrane stability properties, might be interesting to explore better the deformability characteristics. In this study osmotic gradient ektacytometry data of human and some experimental/laboratory animals ' blood were obtained at various shear stress values and analyzed in respect of the measurement conditions and further analyzing the osmoscan curves, with introducing newly calculated parameters. We could analyze various curve morphologies, focusing on the properties of membrane stability, the range between minimal and maximal EI and the related osmolality values.
The continuously measured elongation index values at a given shear stress in the function of osmolality give the characteristic osmoscan curve (Figure 1 ). The left, irregular part is considered to represent a mixture of cell fragments, ' ghosts ' , and still intact but swollen and nowise intact cells, since O min correlates well with the osmolality point at 50% lysis demonstrated too, that together with the impairing red blood cell deformability both the EI max and O (EI max) decreased, the area shrank, and the whole osmoscan curves shifted to left and downwards ( Figure 5B ).
The GA thus caused signifi cant impairment in red blood cell deformability that was associated with obvious osmoscan data alterations. Through investigation whether which parameter is sensitive enough to refl ect the deformability worsening (power of the variable), we calculated the standardized difference values. The highest standardized difference value is associated with the most sensitive parameter showing the existing difference. On Figure 6 we summarized standardized difference values against native sample. The deformability impairment (e.g. by 0.005% GA treatment) was refl ected with the highest sensitivity by the EI at 3 Pa (6.19), the SS 1/2 (4.53), and the EI max / SS 1/2 (4.24) parameters. In sequence, high standardized difference values ( Ͼ 2) were found in the osmoscan data mostly in the new calculated parameters: (2.02) . These fi ndings suggest that the new calculated parameters of the osmoscan curves can be sensitive enough to detect impairment of red blood cell deformability, too.
Discussion and Conclusion
Red blood cell deformability is an important microrheological parameter of the blood that can be altered in numerous cardiovascular, metabolic, hematological diseases and during infl ammatory processes, ischemia-reperfusion, among others [35] . Red blood cell deformability can change due to the osmotic environmental alterations too, since any change in cell surface to volume ratio (while cells are swelling Figure 6 . Standardized difference values of the suspensions vs. native sample (40% RBC-PBS; 40% RBC-PBS ϩ 0.001% GA; 40% RBC-PBS ϩ 0.005% GA) for various parameters . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 during the osmotic fragility test [11] . Then, along the phase from the lower to the higher infl ection point the process is represented, when the cells from their ' optimal ' condition (EI max and belonging osmolality) are swelling by the decreasing osmolality, while ruptures. In the hyperosmotic direction the cells are shrinking with decreased deformability again, but this region is very wide, since physiologically the cells are liable to ' osmotic shock ' in the kidney around the Henle loops.
Therefore, by our opinion, the zone between the minimal and maximal EI and the associated osmolality values may represent well the variability of red blood cell deformability changes that is determined also by the membrane stability. This zone is restricted (e.g. 120 -300 mOsmol/kg), and thus, if the cells are rigid, this osmoscan curve zone can be distorted, as suggested previously [11] . The alterations in the hypososmotic range, where the cell-swelling occurs and the obtained EI values here can be associated with the cell ' s pliability, the deformability. It is supposed, that if these differences (e.g. Δ EI, Δ O, etc.) are small, the shifting from the optimal osmolality point is not tolerable well, and its magnitude is narrowed.
Another question is the sensitivity of the measurement. Which shear stress values are applicable and comparable to each other? How can the osmoscan curve morphology be interpreted more easily by calculated parameters? Are those parameters sensitive enough to describe differences of various species ' data or of blood samples in various diseases, where the deformability is altered? We were driven by these questions when performing this study.
Although inter-species red blood cell deformability differences have been widely investigated [36] , osmotic gradient ektacytometry data is hardly available [29] . In our previous comparative study on osmoscan data obtained at shear stress of 30 Pa, we also found that porcine EI-osmolality curves manifest in a higher osmolality range. The O (EI max) values were higher and EI max values were lower (EI ϭ 0.481 Ϯ 0.007 at osmolality of 348.2 Ϯ 15.5 mOsmol/kg), than those in rats (EI ϭ 0.509 Ϯ 0.014 at osmolality of 311.2 Ϯ 9.1 mOsmol/kg) or dogs (EI ϭ 0.513 Ϯ 0.007 at osmolality of 288.6 Ϯ 19.4 mOsmol/kg). Similar shifting to right occurred in murine blood samples, but associated with higher EI max values (EI ϭ 0.519 Ϯ 0.016 at osmolality of 349.6 Ϯ 44.8 mOsmol/kg). At the same time in the hypoosmotic range the difference was much smaller in EI min and O min parameters [29] . These data correlated well with our current results at 30 Pa.
Heo and co-workers [28] used another kind of precision ektacytometer to investigate shear stress dependency of the osmoscan measurements at 1, 2, 3, 5, 7, 10 and 20 Pa. They also found that the osmoscan curves are shifting to left and downwards with decreasing shear stress. In their method they used calculated values for the defi nitive osmolality points, and not a continuous manner. The LoRRca registers continuous EI and osmolality raw data, thus the data analysis is different [28] . In a shear stress range of 7 -20 Pa they did not fi nd signifi cant differences, the O (EI max) decreasing appeared under 7 Pa (at 3 -5 Pa it was about ∼ 10%, at 2 Pa ∼ 83%, and at 1 Pa only ∼ 75% of the values measured at 7 -20 Pa range) [28] . In our study we found continuously decreasing O (EI max) values with decreasing shear stress. Although there was no signifi cant difference between 20 and 30 Pa, the decreasing tendency was nearly linear toward 1 Pa. The shear stress range under 5 Pa is very important and interesting, since physiologically the in vivo shear stress conditions rarely exceed 5 -10 Pa [37] . However, the methodology originally uses higher shear stress values, such as 20 or 30 Pa [4, 11] .
Glutaradehyde treatment of red blood cells is a well-known and widely used easy method to cause the impairment of red blood cell deformability [30 -32] . With the comparison of glutaraldehyde treated erythrocytes to normal, control erythrocyte we have planned to investigate that which parameter could demonstrate the highest and the most stable level of the difference between the two groups. Besides the traditional deformability parameters (e.g. Ei values at given shear stress, EI max , SS 1/2 ) tested by normal ektacytometry we found that majority of the newly calculated osmoscan parameters showed relatively high values of standardized difference. It might refl ect that these parameters seem to be sensitive indicators for the membrane rigidity changes, too.
Summarizing our results we can say that: (1) Osmoscan data tested at 20 or 30 do not differ signifi cantly from each other; (2) Under shear stress of 20 Pa the EI max (and consequently the EI hyper ), the O (EI max), the EI min and the AUC nearly linearly decrease in the function of shear stress with different slope in rat, dog, pig and human blood. The O min values did not differ characteristically; (3) Measurements under shear stress of 3 Pa become unstable; (4) The differences between minimal and maximal EI and the related osmolality values, as well as their ratios, as new calculated parameters ( Δ EI, Δ O, Δ EI/ Δ O, EI max / EI min and O (EI max) / O min, etc.) can be suitable for further analysis of the osmoscan curve, and can extract more out of their information content together with other hemorheological parameters describing red blood cell deformability and membrane stability; and (5) Decreased erythrocyte deformability (by rigidifying with glutaraldehyde) can be refl ected well with the following, calculated osmoscan parameters: Δ O, rO, rEI/rO, Δ EI/ Δ O.
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